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Introduction

In the United States, 80% of the women who will succumb to breast cancer, this year, will have evidence of
bone metastasis(Coleman and Rubens, 1987). The process of breast to bone metastasis illustrates the “seed and
soil theory” which suggests that certain tumors spread to specific organs depending on the complexity of the
interactions between the tumor cells (seed) and their environment (soil)(Paget, 1989). The skeleton is a
common site for metastasis in many cancers such as breast, lungs or prostate cancer. Breast to bone cancer
metastases are typically osteolytic and induce bone destruction(Mundy, 2002).

The MMPs are a family of enzymes that degrade the extracellular matrix and a variety of signaling
molecules and cell surface receptors such as osteopontin, TNF-a, TGF-B and RANKL(Agnihotri et al., 2001;
Haro et al., 2000; Lynch et al., 2005). Thus, MMPs, by cleaving and/or solubilizing these functional factors,
can modify the communication between tumor cells and the host microenvironment(Lynch and Matrisian,
2002). In the normal bone stroma, a number of MMPs have been detected in osteoclasts, the cells responsible
for bone resorption, including MMP-3, -7, -9, -13 and —14(Engsig et al., 2000). Our understanding of the
contribution of specific MMPs to pathological conditions such as breast cancer induced osteolysis is limited.
The use of broad spectrum MMP inhibitors can decrease and even prevent breast tumor induced osteolysis in
animal models(Lee et al., 2001; Nemeth et al., 2002; Winding et al., 2002). However, these broad spectrum
inhibitors have dose-limiting side effects which limit their usefulness (Coussens et al., 2002). The contribution
of specific MMPs to the observed tumor growth and osteolysis remains to be determined. In the current project,
we are investigating the role of specific MMPs in mammary tumor growth induced osteolysis and determining
the molecular mechanisms through which specific MMPs contribute to this process.

Project

Accomplishment

Task 1. Determination of the contribution of stromal MMP-2, -3, -7 and -9 to mammary tumor growth and
osteolysis in the in vivo tumor:bone microenvironment.

MMP-2 null mouse

a. Intra-tibial injection of luciferase tagged PLB1
(forms primary tumors, induces bone
destruction and forms lung metastases) cells A B 4P P
studies in MMP deficient (MMP-2, -3, -7 and - s _
9) and wild-type FVB mice (months 1-24): - T iaa, [ Tumer oveth e | puske |
familiarization with real time imaging =T ado0a | ootes
modalities such as Xenogen’s IVIS system for . A
monitoring luciferase activity (months 1-6). et 3 ———

b. Generation of in situ hybridization protocols .
for MMPs in bone tissue (months 7-30). D DT

c. Histological analysis of wild-type and MMP
deficient mice intra-tibially injected with PLB1
cells (months 3-30) and immunohistochemistry
and cytochemistry for the localization of tumor
cells, bone cells and immune cells in sections ——
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Figure 1. Stromal MMP-2 increases mammary tumor

from intra-tibially implanted tumors.
Collation of the data and publications of the
results (months 27- 36).

Our initial studies have focused on MMP-2 and MMP-9. To
assess if stromal MMP-2 affects mammary tumor growth in
the bone, we injected the murine breast cancer PLB1 cells into
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growth in the bone. We injected PLBL1 luciferase cells
into the tibia of FVB wild-type (n=11) or MMP-2 null
mice (n=10) and image them over time (days 0, 3, 6, 9,
12, 15) using the 1VIS system from Xenogen (A). The
bioluminescent signal was quantified using the living
image software (B). The tumor growth rate for each
time point in the two groups of animals was calculated
(C). Tumor proliferation and apoptosis were assessed
by immunohistochemistry for MCM2 and active
caspase-3 respectively (D and E).




the tibias of wild-type (n=11) or MMP-2 deficient (n=10) FVB mice. This cell line has been isolated from the
polyoma middle T antigen (PyMT) FVB mice. These mice develop spontaneous mammary tumors that
recapitulate the pathology of human breast cancer(Lin et al., 2003). Using this cell line allows for the use of
fully immune competent FVVB mice representing a more accurate human scenario. After injection of the PLB1
cells tagged with luciferase, the growth of the tumor was quantified every 3 days by a retro-orbital injection of
luciferin (105ng/kg). Photoemission from the tumor was quantified with the Xenogen 1VIS™ imaging system
(Figure 1). From day 3 onwards, we observed a significant difference in the tumor growth rate in the MMP-2
null mice compared to the wild-type animal (p<0.02, Student’s t Test). We confirmed this tumor growth effect
with an independent cell line 4T1 cells expressing luciferase in immunocompromised Rag2 null wild-type and
MMP-2 null C57BI/6 mice.

In order to investigate further the effect of host MMP-2 on tumor growth, we assessed tumor
proliferation and apoptosis by using a flow cytometry approach. PLB1 cells expressing green fluorescent
protein (GFP) were injected into wild-type and MMP-2 deficient mice. Tumor and bone marrow cells were
isolated from the tibia and processed for cytometry analysis to determine tumor proliferation using phospho
histone H3 and apoptosis by using cleaved caspase-3. However, PLB1 cells retain a level of GFP in vivo below
the detection capacity of the flow cytometer. Therefore, we decided to use a histochemical approach and use
MCMZ2 as a marker of proliferation and cleaved caspase-3 as an indicator of apoptosis. After 3 days post-
surgery, tumor injected limbs were harvested and processed for histochemical staining for tumor proliferation
and apoptosis. Tumor proliferation was not different between tumor injected MMP-2 deficient mice compared
to wild-type controls, however, tumor apoptosis was significantly increased in MMP-2 null mice compared to
control mice (Figure 1). These results suggest that host

derived MMP-2 impacts mammary tumor growth in the
bone by contributing to tumor survival as early as 3
days post-injection.

To determine the role of host MMP-2 in
mammary tumor induced osteolysis in vivo, trabecular
bone volume was assessed using a high resolution
micro-computer tomography (UCT) and
histomorphometry at 9 days after surgery (Figure 2A
and C). Tumor injected tibia of wild-type mice
presented a significant lower ratio of trabecular bone
volume compared to the sham injected limb (p<0.005).
However tumor bearing limbs of MMP-2 null animals
did not show any difference compared to sham injected

- g 0. -\
limbs in terms of bone resorption. More interestingly, - a0 ’—| ¥ ; N '_I |
MMP-2 deficient mice presented a significant higher 1 i i{: 4 £ H O + % %
ratio of trabecular bone volume to tissue volume i° %+ 5 DU <
(BV/TV) compared to the V\_/ll_d-type_controls (p<0.05). T 7 7 A B = PRV
In other words, MMP-2 deficient mice presented a & g S £ 5 T

lesser extent of bone resorption induced by the presence

/ Figure 2. Host MMP-2 contributes to mammary tumor induced
of the mammary tumor compared to the wild-type

bone resorption. PLB1 luciferase cells were injected intratibially

control animals. X-rays analysis revealed that MMP-2
deficient mice showed a significant lower tumor burden
compared to wild-type controls (p=0.0016, Figure 2B).
Finally the ratio of osteoclast number per unit of length
of trabecular bone was assessed in tumor and sham
injected tibias by histomorphometry, MMP-2 deficient
mice bearing tumor presented a significant decreased
number of osteoclasts compared to the controls (p<0.05,

into FVB wild-type or MMP-2 null mice. At day 9 after injection,
the animals were sacrificed and histological analyses were
performed. (A and C) The ratio of BV/TV was determined using
MCT and histomorphometry analyses on tumor and sham injected
tibias. (B) Using X-ray analysis, the ratio of TuV/TV was assessed
in tumor bearing limbs. Arrows indicate lytic lesion in the bone.
(D) The ratio of osteoclast number per unit of length of trabecular
bone was assessed by histomorphomtery in tumor and sham
injected tibias.

Figure 2D). Taken together, we demonstrated that host-derived MMP-2 impacts mammary tumor growth in
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the bone by enhancing tumor survival as early
as 3 days after injection. Furthermore, stromal
MMP-2 contributes to tumor induced
osteolysis.

We also investigated the
contributions of host derived MMP-9 in tumor
growth and bone resorption in our in vivo
model. We injected PLB1-luciferase cells into
the tibia of FVB wild-type and MMP-9 null
mice and tumor growth into the tibia was
followed using bioluminescent imaging for 9
days. Immunofluorescent stainings for MMP-9
and TRACP showed that multinucleated TRACP
positive osteoclasts present at the tumor:bone
interface are the major source of MMP-9
(Figure 3A). Although, mature osteoclasts
seem to be the main source of MMP-9, no
difference was observed in the growth of the
tumor between MMP- 9 deficient mice and
control mice (Figure 3B). Using uCT and
analysis trabecular bone volume was assessed
in the tumor and sham injected limb at the end
point of the study in agreement with the tumor
growth data (Figure 3A-B). We concluded
from this study that host-derived MMP-9 does

not affect either mammary tumor growth or Figure 3. Host MMP-9 does not significantly contribute to mammary tumor

; ; ‘hial iniant: progression in the bone. (A) Representative photomicroraphs (630X
bone resorptlor_\ u_pon_ intratibial Injection. magnification) of MMP-9 (red) localization merged with TRACP (green)
However, the limitations of our mouse model localization in WT and MMP-97 animals. DAPI (blue) was used as a nuclear

itself prevented us from addressing the stain. Arrows indicate osteoclasts while dashed line represents the tumor:

: ; ; 0 bone interface. (B) PLB1-Luc cells were injected intratibially into syngeneic
pOtentlaI contributions of stromal MMP-9 in FVB wild type or MMP-9 null, luminescence was measured over a 9 day

earlier steps of metastasis such as survival in period. (C) Representative pCT scans and quantification of BV/TV of tumor
the blood stream or extravasation into a bearina and sham injected limbs of WT and MMP-9-/- animals

secondary site.
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As MMP-7 deficient mice were not available in FVB background, we investigated the contributions of
MMP-7 in tumor growth in the bone in the immunodeficient Rag2 deficient C57BL/6 mice, lacking mature B
and T cells. PLB1-Luciferase cells were injected into the tibia of wild-type and MMP-7 deficient mice. Co-
immunofluorescent stainings for MMP-7 and TRACP showed that mature osteoclasts are the main source of
MMP-7 in tumor bearing limbs (Figure 4A). Upon intratibial injection of the PLB1-luciferase cells, a
significant slower tumor growth rate was observed in the MMP-7 null Rag2 null mice compared to the control
mice (Figure 4B). To investigate further the effect of host derived MMP-7 on tumor growth, tumor
proliferation and apoptosis were determined by immunohistochemical staining for respectively, phopho histone
H3 and cleaved caspase-3, at 9 days post-surgery that was the end point of the study (Figure 4C-D). MMP-7
deficient mice bearing tumor showed no difference in terms of tumor proliferation; however levels of tumor
apoptosis were significantly higher in MMP-7 null mice compared to the wild-type controls, suggesting a
contribution of host MMP-7 to tumor survival in the bone.

We also assessed the contributions of host derived MMP-7 to tumor induced osteolysis in our model at 9
days after intratibial injection. By uCT and histomorphometry, the MMP-7 deficient mice showed a significant
lower extent of bone resorption in the tumor bearing limbs compared to wild-type animals (Figure 5A-B).
Tumor burden assessed by X-rays was also significantly lower in the tumor injected legs of MMP-7 animals
compared to the controls (Figure 5C).

6



The second part of this project was focused
on determining the mechanism through which host-
derived MMP-7 and MMP-2 contribute to tumor
survival and bone resorption.

Task 2. Identification of the mechanism by which
specific host derived MMPs contribute to breast
tumor induced osteolysis using an ex vivo
approach.

a. Generation and characterization of
the ex vivo calvaria model (months
1-6).

b. Isolation of MMP deficient
calvaria and histological
assessment of tumor induced bone
destruction. MMP deficient
animals to use will be identified in
Task 1, part a (months 6-32).

c. Collation of the data and
publication of results (months 34-
36)

The execution of this task relied on the use of an ex
vivo calvaria model described by Ohshiba et al,
2003(Ohshiba et al., 2003). We focused our initial
effort on understanding how MMP-2 contributes to
mammary tumor induced osteolysis since such a
significant effect had been observed in task 1.
MMP-2 deficient mice showed a difference in the
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Figure 4. Host MMP-7 contributes to mammary tumor induced
osteolysis. (A) Representative photomicroraphs of MMP-7 (red)
localization merged with TRAP (green) localization in WT and MMP-7"
animals. DAPI (blue) was used as a nuclear stain. Arrows indicate
osteoclasts while dashed line represents the tumor: bone interface. (B)
PLB1-Luc cells were injected intratibially into syngeneic FVB wild type
or MMP-7 deficient mice; luminescence was measured over a 9 day
period. (C and D), tumor proliferation and apoptosis were assessed by
immunohistochemical staining for phospho histone H3 and cleaved

amount of trabecular bone loss as well as a decrease in the number of mature osteoclasts. Thus we investigated
the potential role of host MMP-2 in osteoclast function and migration as our observations in the MMP-2
deficient mice could be due to a failure of the osteoclasts MMP-2 null osteoclasts to act properly.

Unfortunately, the ex vivo calvaria model did not recapitulate the observed effects in vivo with respect to tumor
induced osteolysis. Therefore, we took in vitro as well as in vivo approaches to test the role of host derived
MMP-2 in osteoclast migration and function. Impaired osteoclast function in MMP-2 deficient mice and
subsequent decreased bone resorption could induce a decrease in mammary tumor growth in the bone. As
osteoclasts derive from the monocyte/macrophage lineage, we determined if the differences in tumor growth
and bone resorption observed were due to a difference in the immune cell populations. We established by FACS
the immunotype of both groups of mice in the presence and absence of tumor. We used specific immune
markers such Gr-1 (neutrophils), B220 (B cells), CD4 (T cells), F4/80 (activated macrophages) and CD11b
(monocytes). No striking difference was observed in the different immune cell populations between the MMP-
2 null mice and the controls. Therefore, the impaired bone resorption induced by mammary tumor growth in
MMP-2 deficient mice was not caused by a decreased in the osteoclast precursor cell population. Furthermore,
CD11b positive osteoclast precursors cells isolated from MMP-2 deficient mice did not show any difference in
terms of migration, differentiation into mature osteoclast and resorption of dentin compared to osteoclast
precursor cells derived from wild-type mice (data not shown). We concluded that MMP-2 deficient osteoclast
precursor cells were as potent as wild-type osteoclast precursor cells in migration and differentiation and
furthermore, MMP-2 null osteoclasts are as functional as wild-type control cells. Thus, the lower extent of bone
resorption observed in MMP-2 deficient mice in presence of the tumor is unlikely to be caused by a defect in

osteoclast function.




Since we observed an effect of host MMP-2 in
tumor growth and survival, we then focused on factors
in the bone that can control tumor growth such as TGF-
B or insulin growth factor (IGF). TGF-f is stored in the
bone matrix as a large latent complex (LTBP-LAP-
TGF-B). Successive processing by proteases including
several MMPs induce the release of first LAP-TGF-f3
(small latent TGF-P complex) and ultimately active
TGF-p (Dubois et al., 1995; Saharinen et al., 1999).
Studies have demonstrated that MMP-2 has the ability
to release both the small latent complex and active
TGF-p (Dallas et al., 2002; Yu and Stamenkovic,
2000). We determined the levels of LAP-TGF-$ and
phospho-Smad2 in the lysates of tumor bearing limbs
of MMP-2 deficient and wild-type mice, 3 days post-
surgery. MMP-2 deficient mice bearing tumor
presented a higher level of LAP-TGF-$ and a
decreased level of phospho-Smad2 compared to the
wild-type controls (Figure 6A-B). This indicates a
decreased level of activation of the TGF-f signaling
pathway in the MMP-2 null mice compared to the
controls. Therefore, we concluded that absence of
host-derived MMP-2 impacts the activation of TGF-3
in the bone microenvironment which ultimately affects
the TGF-p pathway in the tumor. Dallas and
colleagues have demonstrated that MMP-2 and MMP-9
are able to cleave LTBP-1 inducing the release of the
small latent form of TGF-f and therefore regulating the

Figure 5. Tumor mediated osteolysis is attenuated in the absence
of host derived MMP-7. (A) Representative UCT scans of
trabecular bone from tumor and sham injected limbs of WT and
MMP-7"  mice. (B) Representative =~ H&E  stained
photomicrographs of tumor bearing tibias from WT and MMP-77"
mice. Arrows indicate trabecular bone. The BV/TV ratio was
determined in sections of tumor injected tibias from WT and
MMP-7 deficient mice. (C) Representative radiographic images
from tumor injected WT and MMP-7"" mice at day 9. Arrow
indicates lytic tumor lesions. The ratios of TuV/TV were assessed
for WT and MMP-7" animals.

availability of TGF-B in the bone environment (Dallas et al., 2002). LTBP-3, another member of the LTBP
family, has been linked to bone development; LTBP-3 deficient mice present growth retardation, an abnormal
cranio-facial development and develop osteoclerosis and osteoarthritis (Dabovic et al., 2002; Dabovic et al.,
2005). Based on these data, we hypothesis that host MMP-2 is important for the release of TGF-p through the
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Figure 6. Increased level of latent TGF-f inducing a decreased pathway
activation in MMP-2 null mice bearing tumor. Wild-type and MMP-2 null
mice were injected with PLB1-luciferase cells and tumor and sham injected
tibias were harvested 3 days post surgery. (A) Western blot for LAP and actin
proteins were perform on lysates, quantifications of the bands were
performed using the Li-Cors Odyssey imaging system, results were expressed
as ratio of LAP signal over actin signal. (B) Western blot for phosho and total
Smad2 proteins were performed on lysates, the results were expressed as ratio
of phospho Smad2 signal over total Smad2 signal. All western blot analyses
were performed on two different set of samples (n=3 to 4 mice for each

cleavage of LTBP-3 from the large latent
complex. As no recombinant LTBP-3 protein
and specific antibody are commercially
available, we obtained from Dr Daniel Rifkin,
New York University School of Medicine,
mouse LTBP-3 and TGF-B1 expression
plasmids. To assess the susceptibility of
LTBP-3 for proteolytic processing, the
conditioned medium of COS-7 cells
overexpressing the large latent complex of
LTBP-3 and LAP-TGF-f3 was subjected to
digestion with recombinant active MMP-2
(Figure 7A). The molecular weight of the
complex was reduced from ~240 kDa to ~230-
220 kDa in the presence of recombinant active
MMP-2, a processing event that has been
previously reported to be the result of plasmin
cleavage (Figure 7A) (Penttinen et al., 2002).
These data demonstrate for the first time that




MMP-2 has the ability to process
the latency binding protein of
TGF-p responsible for
sequestering TGF-f in the bone
matrix.

The ability of TGF-f to
promote tumor survival and
growth of the PyMT-Luc cells was
assessed in a soft agar colony
formation assay. Treatment of the
tumor cells with TGF-f
significantly increased the number
of colonies but not the size of the
colonies compared to the control
condition (Figure 7B). To assess
the possibility that TGF-$ could
mediate tumor survival in
conditioned media from osteoblast,
neutralizing TGF-f antibody, 2G7,
was used to treat cell culture media
harvested from wild type and
MMP-2 deficient primary
osteoblasts. Blocking of TGF-f in
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Figure 4. Osteoblast-derived TGF-p mediates tumor survival. A: Cleavage assay of
LTBP-3 by recombinant MMP-2 or plasmin. B Tumor survival and growth in presence of
WT CM, MMP-2"" CM or 1 ng/ml TGF-B was determined by soft agar colony formation
assay. Number of colonies and colony diameter were reported for each condition. PyMT-Luc
cells were treated with conditioned media from wild type (WT CM)or MMP-2 null (MMP-2"
/" CM)osteoblasts. Ability of the tumor cells to proliferate and survive was assessed by MTT
and soft agar colony formation assays. C and D: Metabolic activity of PyMT-Luc cells
treated with WT CM or MMP-2" CM in presence of 2G7 (TGF-B neutralizing antibody),
1gG2b (control antibody) or recombinant MMP-2 (rMMP-2) was assessed by MTT assay.
Data are mean * SD. Asterisk indicates p<0.05 and n.s indicates non significance.

conditioned media of wild type

osteoblasts significantly reduced tumor metabolic activity (Figure 7C). These data support the hypothesis that
osteoblast-derived MMP-2 regulates the levels of TGF-f in the tumor-bone microenvironment, ultimately

impacting tumor cell survival.

Given that MMP-2 has been shown to impact osteoblast function and that our human and mouse tissues
samples showed an osteoblast localization of MMP-2, we determined if osteoblast-derived MMP-2 could
mediate tumor growth and survival. The ability of conditioned media from wild type and MMP-2 deficient
primary osteoblast to modulate PyMT-Luc cells growth and survival was assessed using MTT growth and soft

agar colony formation assays (Figure 8A).
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Figure 4. Osteoblast-derived MMP-2 mediate tumor survival. PyMT-
Luc cells were treated with conditioned media from wild type (WT CM)or
MMP-2 null (MMP-27/~ CM)osteoblasts. Ability of the tumor cells to
proliferate and survive was assessed by MTT and soft agar colony
formation assays. AF: Metabolic activity of PyMT-Luc cells treated with
WT CM or MMP-2"" CM was assessed by MTT assay. B: Tumor survival
and growth in presence of WT CM, MMP-2"- CM was determined by soft
agar colony formation assay. Number of colonies and colony diameter
were reported for each condition. C: Cleavage assay of LTBP-3 by
recombinant MMP-2 or plasmin. Data are mean + SD. Asterisk indicates
p<0.05 and n.s indicates non significance.

Conditioned media derived from wild type
primary osteoblasts induced significant higher
metabolic activity of tumor cells and a statistical
higher number of tumor colonies compared to
tumor cells incubated with conditioned media
from MMP-2 deficient osteoblasts (Figure 4A).
However, no difference was observed in the
average size of the colonies between the two
conditions, suggesting that the absence of
MMP-2 in osteoblasts affects tumor survival but
not tumor growth which is in agreement with
our in vivo data (Figure 8B). To confirm that
osteoblast-derived MMP-2 mediates this
phenomenon, recombinant MMP-2 was added
to conditioned media from MMP-2 deficient
primary osteoblasts prior to treatment of PyMT-

Luc cells. Addition of exogenous MMP-2 to



conditioned media from MMP-2 deficient osteoblasts rescued the tumor survival phenotype (Figure 7C and
D). Therefore, these results demonstrate for the first time that osteoblast-derived MMP-2 influences tumor cell
survival.

Based on our observations of a
decrease in bone resorption in the MMP-7
deficient mice bearing tumor and the
osteoclasts being a major source of MMP-7,
we investigated the molecular mechanism
through which osteoclast-derived MMP-7
contributes to tumor induced osteolysis. The
pH in the resorption pit created by the active
osteoclasts is acidic (pH<4) and given the
functionality of MMP-7 at more neutral pH, it
is greatly unlikely that host MMP-7 directly
contributes to bone resorption. However,
numerous studies have demonstrated that
MMPs could influence cell-cell
communication by processing numbers of
signaling molecules such as growth factors,
cytokines, chemokines including RANKL. osteoclasts at the tumor:bone interface. (A) ELISA for soluble RANKL was
Therefore, we investigated the possibility that | b L s et e
MMP-7 solublization of RANKL would be '

- blotting for soluble RANKL was performed on lysates of wild-type and MMP-
relevant in our model. Soluble RANKL was 7 null mice. (C) Number of mature osteoclast per unit of length of trabecular

significantly decreased in the tumor bearing bone was assessed by histomorphometry in tumor bearing limbs of wild-type
lysates of MMP-7 deficient mice compared to

the controls (Figure 9A). It is interesting to note that soluble RANKL levels in the tumor bearing samples were
higher than the sham injected limbs showing that RANKL is still processed in MMP-7 null mice as many
studies have demonstrated that other proteases could cleave RANKL such as MMP-1, -3, a disintegrin and
metalloprotease-17 (ADAM-17) and serine protease cathepsin G (Lum et al., 1999; Lynch et al., 2005;
Schlondorff et al., 2001; Wilson et al., 2008). We confirmed these results by immunoprecipitation of total
RANKUL on lysates of tumor bearing limbs of wild-type and MMP-7 deficient mice and western blotting for
soluble RANKL. MMP-7 deficient mice injected with tumor presented significantly lower levels of soluble
RANKL compared to wild-type controls (Figure 9B). As RANKL is a key factor for osteoclast recruitment and
maturation, we assessed the number of mature osteoclasts present at the tumor-bone interface in both wild-type
and MMP-7 deficient tibia bearing tumor by histomorphometry. A significant decrease in osteoclast number
was observed in MMP-7 null mice compared to the wild-type controls (Figure 9C). These data suggest that
MMP-7 mediates mammary tumor induced osteolysis via the solubilization of RANKL and the recruitment and
activation of osteoclasts that in turn promote the release of factors from the bone matrix that are critical for
tumor survival.

>

RANKL (pg/ml)

Key research accomplishement

e Mature osteoclasts at the tumor-bone interface are a rich source of MMP-7 and MMP-9.

e Osteoclast-derived MMP-7 impacts mammary tumor growth and tumor induced osteolysis. (First
time observation)

0 Molecular mechanism: solublization of membrane-bound RANKL by MMP-7 that
mediates maturation/activation of osteoclast precursor cells.

e Osteoclast-derived MMP-9 does not contribute to both mammary tumor growth and bone
resorption.

e Osteoblasts are a rich source of MMP-2.
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e Osteoblast-derived MMP-2 impacts mammary tumor growth by enhancing tumor survival. (First
report to show this)

e Host-MMP-2 impacts mammary tumor-induced osteolysis. (First report)

e MMP-2 can modulate the release of active TGF-f via the processing of its latency protein,
LTBP-3. (First report)

e Osteoblast-derived MMP-2 and osteoblast-derived TGF-B mediate mammary tumor survival.
(First report)

Reportables outcomes:
- American Society of Matrix Biology biennial meeting, October 2006, poster presentation

“Stromal MMP-2 promotes mammary tumor-induced osteolysis in vivo”
Sophie Thiolloy, Conor C. Lynch, Michelle D. Martin, Barbara Fingleton, Lynn M. Matrisian

- 6™ Annual Host -tumor Interactions and Cancer Biology joint retreat, November 2006, oral
presentation, Oral talk award (1% place)

“Stromal MMP-2 contributes to mammary tumor induced osteolysis in vivo “

Sophie Thiolloy, Conor C. Lynch, Michelle D. Martin, Barbara Fingleton and Lynn M. Matrisian

- Cancer Induced Bone Disease meeting, San Antonio, December 2006, poster presentation
“Stromal MMP-2 promotes mammary tumor-induced osteolysis in vivo “
Sophie Thiolloy, Conor C. Lynch, Michelle D. Martin, Barbara Fingleton, and Lynn M. Matrisian

- 7" Annual Host -tumor Interactions and Cancer Biology joint retreat, November 2007, 2 poster
presentations
“The in vivo impact of host MMP-2 to mammary tumor induced osteolysis”
Sophie Thiolloy, Conor C. Lynch, Barbara Fingleton, Lynn M. Matrisian
“The differential contributions of host MMP-7 and MMP-9 on mammary tumor induced osteolysis”
Sophie Thiolloy, Ginger E. Holt, Jennifer Halpern, Herbert S. Schwartz, Gregory R. Mundy, Lynn M.
Matrisian and Conor C. Lynch
5™ ERA of hope meeting, Baltimore, June 2008, poster presentation
“Contributions of host MMP-2 and MMP-9 to mammary tumor-induced osteolysis”
Sophie Thiolloy, Conor C. Lynch, James Edwards, David K. Flaherty, Barbara Fingleton, Gregory R.
Mundy, Lynn M. Matrisian
- 6™ Cancer Induced Bone Disease meeting, Edinburg, Scotland, July 2008, poster presentation, travel
award
“Contributions of host MMP-2 and MMP-9 to mammary tumor-induced osteolysis”
Sophie Thiolloy, Conor C. Lynch, James Edwards, David K. Flaherty, Barbara Fingleton, Gregory R.
Mundy, Lynn M. Matrisian

Publications:

" “Osteoclast derived matrix metalloproteinase-7 but not matrix metalloproteinase-9 contributes to tumor
induced osteolysis” Sophie Thiolloy, Jennifer Halpern, Ginger E. Holt, Herbert S. Schwartz, Gregory R.
Mundy, Lynn M. Matrisian and Conor C. Lynch. Cancer Research, EPub.

- “An Osteoblast-derived protease controls TGF-beta release and tumor cell survival in the bone
microenvironment”, Sophie Thiolloy, James Edwards, Barbara Fingleton, Daniel B. Rifkin, Gregory R.
Mundy, Lynn M. Matrisian and Conor C. Lynch. In submission.

11



Conclusions and future directions

Over the first year of our studies, we showed the significant importance of stromal MMP-2 in the growth of
mammary tumor cells in bone. We demonstrated that stromal MMP-2 contributes to the growth and the
survival of the tumor cell in the bone and does not affect the activation of osteoclasts. Over the second year, we
developed molecular tools such as wild-type and MMP-2 null FVB GFP expressing mice and a cell line
expressing both luciferase and DsRed?2 to investigate further the role of host-derived MMP-2 in mammary
tumor survival in the bone. We also determined that stromal MMP-7 contributes to mammary tumor growth in
the bone and osteolysis in vivo. Although MMP-2 and MMP-9 have several common substrates, we have
determined that in our model of mammary tumor induced osteolysis, MMP-9 does not contribute to the growth
of the tumor and the bone resorption. During the last year of the fellowship, we established that osteoclast-
derived MMP-7 impacts mammary tumor growth and osteolysis in vivo through the release of soluble RANKL
from its membrane bound form. Furthermore, we demonstrated that osteoblast-derived MMP-2 impacts
mammary tumor survival in the bone microenvironment by controlling the levels of active TGF- via the
process of its latency protein, LTBP-3, novel substrate for MMP-2. Therefore, novel therapeutic agents focusing
on major components of the “vicious cycle” will improve the current treatment options offered to breast cancer
patients with lytic bone metastases. Development of specific MMP-2 and MMP-7 inhibitors or therapies that
target their substrates would benefit patients whose response to bisphosphonates and other traditional treatment
strategies are unsatisfactory. Alternatively, these new therapeutic agents may also be useful as adjuvants in
combination with bisphosphonates, denosumab (specific RANKL antibody), hormonal therapies or other
treatments offered, to hopefully lead to the eradication of breast-to-bone metastasis.
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Abstract

The matrix metalloproteinases, MMP-2, -3, -7, -9 and -13 are highly expressed in the
tumor-bone microenvironment and of these, MMP-7 and MMP-9 were found to be
localized to bone resorbing osteoclasts in human breast to bone metastases. In a bid to
define the roles of host derived MMP-7 and MMP-9 in the tumor-bone
microenvironment, the tibia of MMP-7 and MMP-9 null mice were injected with an
osteolytic luciferase tagged mammary tumor cell lines. Our data demonstrates that
osteoclast derived MMP-7 significantly contributes to tumor growth and tumor induced
osteolysis while osteoclast derived MMP-9 had no impact on these processes. MMP-7
is capable of processing a number of non-matrix molecules to soluble active forms that
have profound effects on cell-cell communication such as RANKL, a crucial mediator of
osteoclast precursor recruitment and maturation. Therefore, the ability of osteoclast
derived MMP-7 to promote RANKL solubilization in the tumor-bone microenvironment
was explored. Results revealed that levels of soluble RANKL were significantly lower in
the MMP-7 null mice compared to wild type controls. In keeping with this observation,
MMP-7 null mice had significantly fewer osteoclast numbers at the tumor-bone interface
compared to the wild-type controls. In summary, we propose that the solubilization of
RANKL by MMP-7 is a potential mechanism through which MMP-7 mediates mammary
tumor induced osteolysis. Our studies indicate that the selective inhibition of MMP-7 in
the tumor-bone microenvironment may be of benefit for the treatment of lytic breast to

bone metastases.
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Introduction

Bone metastasis is a common event during breast cancer progression with the resultant
lesions often being osteolytic (1). In the bone microenvironment, metastatic breast
cancer cells hijack the normal bone remodeling process to induce aberrant activation of
bone resorbing osteoclasts (2). Increased bone resorption results in the release of
sequestered growth factors from the bone matrix such as transforming growth factor 8
(TGFB) and insulin like growth factors (IGFs). These factors subsequently promote
tumor survival and growth thus completing what has aptly been described as the vicious

cycle of tumor induced osteolysis (3).

Osteoclasts are critical for the completion of the vicious cycle since they are the
principal cells involved in the direct resorption of the mineralized bone matrix.
Therefore, understanding how osteoclast precursors are recruited to areas requiring
bone remodeling and understanding the mechanisms involved in controlling their
maturation and activation is key for the development of new therapies that can
effectively stop the vicious cycle. In order to resorb bone, the osteoclast forms a
resorptive seal on the mineralized bone matrix after retraction of the osteoblast canopy
(4). Acidification of the resorption zone, in combination with collagenolysis, leads to the
demineralization and degradation of the bone matrix respectively (5). Osteoclasts
express a variety of proteases including the cysteine protease, cathepsin-K and matrix
metalloproteinases (MMPSs) (6). While cathepsin-K activity is critical for bone resorption
(7), the role of osteoclast derived MMPs is less clear. The MMPs are a family of

enzymatic proteins that are often overexpressed in the tumor microenvironment (8).
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Collectively, MMPs are capable of degrading the entire extracellular matrix (ECM) but
more recently, MMPs have been implicated as important mediators of cell-cell
communication by virtue of their ability to process multiple non-matrix molecules such
as cytokines and growth factors to soluble forms resulting in either enhanced or

attenuated activities (9).

In the context of the tumor-bone microenvironment, pre-clinical animals studies
have demonstrated the efficacy of broad spectrum MMP inhibitors (MMPIS) in
preventing tumor growth and tumor induced osteolysis (10-12). However, the failure of
MMPIs in human clinical trials prevents their application for the treatment of bone
metastases (13). A main conclusion derived from these trials was the necessity for
defining the precise roles of individual MMPs in disease processes that would allow for
the generation of highly selective MMP inhibitors. To this end, we have assessed the
expression of MMPs in human clinical samples of osteolytic breast to bone metastasis.
While the expression of many MMPs was noted throughout the tumor/stroma, MMP-7
and MMP-9 were highly localized to bone resorbing osteoclasts. Given the importance
of the osteoclasts in driving the vicious cycle, the current study focused on determining

if and how these osteoclast derived MMPs impacted tumor induced osteolysis.

Materials and Methods

Reagents

All experiments involving animals were conducted after review and approval by the

office of animal welfare at Vanderbilt University. De-identified human samples of frank
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osteolytic breast to bone metastasis (n=11) were collected by curettage with IRB
approval from Vanderbilt University from 2005 to 2008. Double null
immunocompromised recombinase activating gene-2 (RAG-2) and MMP-7 mice were
generated as previously described (14). Wild type and MMP-9 null mice in the FVB/N-
Tg background were kindly provided by Dr. Lisa Coussens, Dept. of Pathology,
University of California San Francisco. A luciferase expressing syngeneic FVB
mammary tumor cell line derived from the polyoma virus middle T model of mammary
tumorigenesis, designated PyMT-Luc, was isolated in our laboratory and maintained as
previously described (15). A luciferase tagged 4T1 mammary tumor cell line (16) was
kindly provided by Dr. Swati Biswas of the Vanderbilt Center for Bone Biology. All

reagents were obtained from Sigma-Aldrich except where specified.

Intratibial injection and in vivo quantitation of tumor growth

PyMT-Luc and 4T1-Luc tumor cells (10°) in a 10pl volume of sterile phosphate buffered
saline (PBS) were injected into the tibia of anesthetized immunocompetent or
immunocompromised 6 week old mice that were wild type or null for MMP-7 or MMP-9.
The contralateral limb was injected with 10ul of PBS alone and acted as a sham
injected control. The IVIS™ system (Caliper Life Sciences) was used to detect
luminescence from PyMT-Luc cells after intratibial injection. Firefly luciferin (120mg/kg
in sterile PBS, Gold Biotechnology, Inc.) was delivered retro-orbitally 1 to 2 minutes
prior imaging. Mice were imaged at 24 hours and every 3 days after surgery until day 9
which was previously determined to be the time point prior to tumor breach of the

cortical bone in wild type control mice. Living Image™ software (Calipers Life Sciences)
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was used to quantify the luminescence intensity in the tumor bearing limb over time.
Mice were sacrificed at 9 days post-surgery and both the tumor injected and
contralateral control tibiae were harvested. All animal studies were independently

repeated at least twice.

Histology

Fresh human breast-to-bone metastases, tumor and sham injected mouse tibiae were
fixed overnight in 10% buffered formalin and decalcified for 3 weeks in 14% EDTA at pH
7.4 with changes every 48-72 hours. Tissues were embedded in paraffin and 5um thick
sections were cut. For MMP-7, MMP-9 and tartrate resistant acid phosphatase (TRAcP)
localization, the following technique was employed. Sections were rehydrated through a
series of ethanols and then rinsed in tris buffered saline (TBS; 10mM Tris at pH 7.4,
150mM NacCl) with Tween-20 (0.05%). For antigen retrieval, slides were immersed in a
20ug/ml solution of proteinase K according to the manufacturer’s instructions for 10
minutes at room temperature. Following washing in TBS, tissue sections were blocked
using standard blocking criteria for 1 hour at room temperature. MMP-7 (17) or MMP-9
(Oncogene, Cat. No. AB3-IM37L) antibodies at a dilution of 1:100 were added in
blocking solution overnight at 4°C. Slides were washed extensively in TBST prior to the
addition of a species specific fluorescently labeled secondary antibody (Alexafluor
568nm, Invitrogen) diluted 1:1,000 in blocking solution for 1 hour at room temperature.
Slides were washed in TBS and then equilibrated in an acetate buffer as described (18).
The ELF97 TRACcP stain (Invitrogen, Cat. No. 6601) was diluted 1:1,000 in acetate

buffer and slides were incubated for 15 minutes at room temperature. Following
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washing, slides were aqueously mounted in media (Biomeda Corp) containing 2uM

DAPI (4°,6 diamidino-2-phenylindole) for nuclear localization.

TRACP was also detected using a traditional colorimetric kit according to the
manufacturer’s instructions (Sigma-Aldrich, Cat. No. 387A). Gross anatomy of the
mouse tibiae was assessed by hematoxylin and eosin (H&E) staining. Proliferation (anti-
phospho Histone H3, Millipore, Cat. No. 06-570) and apoptosis (anti-Caspase-3, Cell
Signaling, Cat. No. 9662) were assessed by immunohistochemistry as previously

described (14).

Micro computed tomography (UCT), X-ray and histomorphometric analyses

For gross analysis of trabecular bone volume, formalin fixed tibiae were scanned at an
isotropic voxel size of 12um using a microCT40 (SCANCO Medical). The tissue volume
(TV) was derived from generating a contour around the metaphyseal trabecular bone
that excluded the cortices. The area of measurement began at least 0.2mm below the
growth plate and was extended by 0.12mm. The bone volume (BV) included all bone
tissue that had a material density greater than 438.7 mgHA/cm®. These analyses
allowed for the calculation of the BV/TV ratio. The same threshold setting for bone
tissue was used for all samples. Radiographic images (Faxitron X-ray Corp) were
obtained using an energy of 35kV and an exposure time of 8 seconds. The tumor
volume (TuV) was calculated as a function of the total tissue volume (TV) of the tibial
medullary canal using Metamorph® software (Molecular Devices). For

histomorphometry, three non-serial sections of tumor bearing limbs were H&E stained
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to assess the ratio of BV/TV or with TRACP to assess osteoclast number per mm of

bone at the tumor-bone interface using Metamorph®.

Immunoprecipitation, immunoblotting and ELISA

Tumor and sham injected tibias from wild type or MMP null animals were harvested 9
days post-injection and flash frozen in liquid nitrogen. Tissue homogenates were
generated by mortar and pestle and total protein was subsequently extracted using a
standard protein lysis buffer containing a complete protease inhibitor cocktail (Roche,
Cat. No. 11836145001). Protein concentration in isolated samples was quantitated
using a bicinchoninic acid (BCA) assay as per manufacturer’s instructions (Pierce, Cat.
No. 23227). For immunoprecipitation and quantitation of soluble RANKL in the tumor
bone microenvironments, equal concentrations of total protein (Img) in 1ml of PBS
were pre-cleared with 10ul of protein-G-sepharose beads (Amersham Biosciences) for
one hour at 4°C. Pre-cleared lysates were then incubated with 2ug of antibody directed
to the N-terminus of RANKL (sc-7628, Santa Cruz Biotechnology) for 1 hour at 4°C. with
rocking prior to the addition of 10ul of protein-G-sepharose beads. Subsequently, 10ul
of protein G-sepharose beads were added to the samples and the bead-antibody-
protein complexes were allowed to form overnight at 4°C. A nutator was used during all
steps for agitation. The complexes were washed extensively (100mM NaCl, 50mM Tris-
HCI, pH7.5, 0.5% NP-40) and then boiled in sample buffer (10% SDS, 0.5M Tris-HCI pH
6.8, 30% glycerol, 1% B-mercaptoethanol and 0.02% bromophenol blue) for 10 minutes
prior to loading on to a 15% SDS-PAGE gel. Recombinant RANKL (462-TR-010/CF,

RnD Systems, Minneapolis, MN) or MMP-7 solubilized RANKL (10pg recombinant
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RANKL incubated with 100ng active MMP-7 (cat # 444270, Calbiochem, LaJolla, CA)
for 1 hour at 37°C) as previously described (14))were added as positive controls for the
molecular weight of MMP solubilized RANKL. Proteins were transferred to nitrocellulose
membranes and blocked for 1 hour at room temperature (5% milk powder in 1xTBS;
5mM Tris-HCL pH 7.4, ). The blots were then panned with an antibody directed to the
N-terminus of RANKL (1: 1,000 dilution; Cat # 804-243-C100, Axxora LLC in 5% milk in
1XTBST (TBS with 0.05% Tween 20)) overnight with rocking at 4°C. The following day,
blots were washed extensively with 1XTBST prior to the addition of a secondary infra-
red labeled anti-mouse antibody (1: 5,000 dilution in 1xTBST-Cat# 610-132-121,
Rockland Inc.) for 1 hour at room temperature. After washing in 1XTBST, blots were
developed and bands of interest were quantitated using the Odyssey system (LI-COR
Biosciences, Lincoln, NE). ELISA was also used for the quantitation of soluble RANKL
in samples according to the manufacturer’s instructions (Quantikine, R&D Systems, Cat.

No. MTRO0).

Statistical analyses

For in vivo data, statistical analysis was performed using Anova and Bonferroni multiple
comparison tests. In vitro, statistical significance was analyzed using a student’s t test.
A value of p < 0.05 was considered significant. Data are presented as mean * standard

deviation (SD).

Results
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MMP-7 and MMP-9 are expressed by osteoclasts in human breast to bone

metastases

Previous observations using an animal model of tumor-bone interaction identified
several MMPs as being highly expressed at the tumor-bone interface compared to the
tumor area alone, namely MMP-2, -3, -7, -9 and -13 ((14) and unpublished
observations). The expression of these MMPs was examined in human cases of frank
breast to bone metastasis (n=11). Interestingly, MMP-7 and MMP-9 were largely
localized to the majority of mature TRACP positive multinucleated osteoclasts at the
tumor-bone interface in human samples containing areas of osteolysis (10 of 11
samples) (Fig. 1A-C and supplemental Fig. S1 and S2). Other cells in the stromal
compartment stained positively for MMP-7 and MMP-9 but remarkably, the tumor cells
were negative for these metalloproteinases. MMP-2, -3 and -13 were also detected but
their expression was diffuse throughout the tumor/stroma compartment (data not
shown). Since osteoclasts are the principal cells involved in bone resorption, we
examined whether the ablation of host derived MMP-7 or MMP-9 would impact the
vicious cycle in terms of mammary tumor growth and/or mammary tumor induced

osteolysis.

Host derived MMP-9 does not contribute to tumor growth or tumor induced

osteolysis.

MMP-9 has previously been reported to be localized to osteoclasts and MMP-9 null

animals have been identified as having a delay in osteoclast recruitment during the
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development of long bones (19). Therefore, we initially tested the role of host derived
MMP-9 in tumor growth or tumor induced osteolysis. Consistent with our observations in
human samples, bone resorbing osteoclasts in wild type mice were positive for MMP-9
expression by immunofluorescent staining while as expected, MMP-9 was not detected
in MMP-9 null osteoclasts (Fig. 2A). Since MMP-9 null animals have a transient
developmental bone phenotype, we determined the baseline trabecular bone volume as
a function of tissue volume (BV/TV) in wild type and MMP-9 null animals at 6 weeks of
age which was the proposed time-point for introduction of the PyMT-Luc tumor cells. No
difference in the BV/TV between the wild-type and MMP-9 null animals was observed

(Fig. S3A).

To assess the contribution of host MMP-9 in mammary tumor growth in the bone
microenvironment, the PyMT-Luc tumor cells, in which MMP-9 expression is
undetectable in vivo (20), were injected into the tibia of syngeneic FVB wild-type or
MMP-9 null mice. Surprisingly, quantitation of the bioluminescent signal from the tumor
cells showed no difference in the tumor growth rate between the MMP-9 null and wild
type control mice (Fig. 2B). With respect to tumor induced osteolysis, analysis of the
BV/TV ratio by high resolution uCT demonstrated that the tumor injected tibias of wild-
type and MMP-9 null were significantly lower (p<0.05) than their respective sham
injected control counterparts (Fig. 2C). However, a direct comparison of the BV/TV
ratios between the wild-type and MMP-9 null tumor injected limbs revealed no
difference in BV/TV ratios (Fig. 2C). Furthermore, no differences in tumor growth as

assessed by phospho histone H3 for proliferation and cleaved caspase-3
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immunohistochemistry for apoptosis, trabecular bone volume and osteoclasts/mm bone
by histomorphometry were observed between the wild type and MMP-9 null groups
(data not shown). These experiments, with similar sized groups were repeated on
several occasions with similar results. These results using the intratibial model suggest
that host MMP-9 does not contribute to mammary tumor growth in the bone or tumor
induced osteolysis and are consistent with studies examining the role of host MMP-9 in

the prostate cancer-bone microenvironment (21).

Host MMP-7 contributes to mammary tumor growth in the bone

microenvironment

This is the first report to document the expression of MMP-7 in human breast to bone
metastases and in human osteoclasts (Fig. 1), although MMP-7 has previously been
identified in rodent osteoclasts by our group (14). Recapitulating observations in human
clinical samples, MMP-7 expression was identified in wild type murine osteoclasts and
not in MMP-7 null osteoclasts (Fig. 3A). Given that MMP-7 expression by osteoclasts is
a relatively recent observation, studies into defining roles for MMP-7 in skeletal
development have not been explored thus far. Therefore, prior to testing the impact of
host derived MMP-7 on the vicious cycle, the trabecular bone volume in non-injected 6
week old immunocompromised wild type and MMP-7 null animals was examined using
high resolution uCT. Our results revealed no significant difference in the BV/TV ratio
between wild type and MMP-7 null animals suggesting that at this time point, MMP-7
null animals do not display an obvious bone phenotype in comparison to the wild type

controls (Fig. S3B).
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To determine the contribution of host MMP-7 to mammary tumor growth in the
bone microenvironment, PyMT-Luc cells were injected into 6 week old wild-type or
MMP-7 null mice. Quantitation of the bioluminescent signal from the PyMT-Luc cells
demonstrated a significant decrease in the tumor growth rate in MMP-7 null mice
compared to the wild type controls (Fig. 3B). These experiments with similar sized
groups in terms of animal numbers were independently repeated on four occasions and
similar observations were noted. To further investigate the potential role of MMP-7 in
tumor growth, tumor proliferation and apoptosis were assessed by
immunohistochemistry for phospho-histone H3 and cleaved caspase-3, respectively, in
multiple sections from at least five animals per group (Fig. 3C and D). Surprisingly, no
difference in tumor proliferation was observed between the wild type and MMP-7 null
groups, however, tumor apoptosis was significantly higher in MMP-7 null mice
compared to the wild type controls (p<0.05). Similar findings with respect to the impact
of host MMP-7 on tumor growth using the 4T1-Luc cell line were also observed (Fig.
S4A-C). These results suggest that host-derived MMP-7 significantly contributes to

mammary tumor growth in the bone by enhancing tumor cell survival.

Host derived MMP-7 contributes to mammary tumor induced osteolysis

The vicious cycle of tumor-bone interaction suggests that tumor growth/survival is
dependent on osteoclast mediated bone resorption. Since MMP-7 is primarily localized
to bone resorbing osteoclasts in the tumor-bone microenvironment, we assessed
whether a lack of MMP-7 in osteoclasts impacted tumor induced osteolysis. Analysis of

the BV/TV ratios from wild type and MMP-7 null tumor injected tibias using pCT (Fig.
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4A) and histomorphometry (Fig. 4B) revealed that the MMP-7 null group had a
significantly higher amount of trabecular bone which is in keeping with our tumor growth
data, i.e. less tumor growth in the MMP-7 null animal would lead to less osteolysis. X-
ray analysis also revealed a significantly lower tumor volume in the MMP-7 null animals
compared to wild type controls (Fig. 4C). Studies using the 4T1-Luc cell line also
demonstrated that host derived MMP-7 also significantly impacted tumor induced
osteolysis (Figure S5A and B). These results demonstrate that host derived MMP-7

significantly impacts mammary tumor induced osteolysis.

MMP-7 mediates RANKL solubilization in the tumor-bone microenvironment

Next, we explored the potential molecular mechanism through which osteoclast derived
MMP-7 was impacting tumor induced osteolysis. Given the acidity of the resorption
lacunae (pH<4) and the neutral activity profile of MMP-7, we suggest that MMP-7 does
not function in direct bone matrix degradation but in the processing of factors that
impact cell-cell communication within the tumor-bone microenvironment. MMP-7 has
previously been shown to process a number of growth factors and cytokines to soluble
active forms including members of the tumor necrosis factor family (TNF), TNF-a, Fas
ligand (FasL) and RANKL (14, 22, 23). RANKL is essential for osteoclastogenesis and
is a potent chemotactic molecule for monocytes and osteoclast precursor cells (24, 25).

Therefore, we investigated if MMP-7 solubilization of RANKL was relevant in our model.

ELISA analysis revealed lower levels of total RANKL (membrane bound and

soluble) in the tumor injected tibias of MMP-7 null mice compared to wild type control
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mice (Fig. 5A) while no difference was observed in the sham injected control
counterparts of each group (data not shown). Similar levels of osteoprotegerin (OPG),
a soluble decoy receptor of RANKL, were found in the wild-type and MMP-7 null
animals and were not present at a high enough concentration to interfere with the
detection of RANKL by ELISA (data not shown). Immunoprecipitation and
immunoblotting for soluble RANKL revealed significantly lower levels of soluble RANKL
in PyMT-Luc or 4T1-Luc tumor injected MMP-7 null animals compared to wild type

controls as assessed by densitometry (Fig. 5B; p<0.001 and Fig S5C; p<0.001).

Interestingly, soluble RANKL could still be detected in the tumor bearing limbs of
MMP-7 null animals. This suggests that RANKL solubilization is still occurring in the
absence of MMP-7. We and others have previously identified that other
metalloproteinases such as MMP-1, -3, -14, a disintegrin and metalloprotease-17
(ADAM-17) and the serine protease cathepsin G are capable of processing RANKL to a
soluble active form and therefore, these proteases may also be playing a role in the
solubilization of RANKL in our model (14, 26-28). However, since the levels of RANKL
are significantly lower in the MMP-7 null mice, we suggest that MMP-7 is the dominant

protease involved in RANKL solubilization.

Next, since a decrease in the amount of soluble RANKL was detected in the
tumor bearing limbs of the MMP-7 null animals, we asked if there was concomitant
decrease in the number of osteoclasts in the MMP-7 null tumor-bone microenvironment.
We observed significantly lower numbers of TRAcP positive multinucleated osteoclasts

per unit length of tumor-bone interface in the MMP-7 null animals compared to the wild-
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type controls (Fig. 5C). Significantly lower numbers of osteoclasts were also recorded in
MMP-7 deficient animals injected with 4T1-Luc cells compared to wild type controls
(Fig. S5D). Given the importance of RANKL in mediating osteoclastogenesis, these
data suggest that MMP-7 mediates mammary tumor induced osteolysis by impacting

the availability of a key factor for osteoclastogenesis, RANKL.

Discussion

Understanding the molecular mechanisms that control the vicious cycle is key for
the development of new therapeutics that will be effective not only in treating bone
metastases but also in curing them. In the current study, we found that in human cases
of breast to bone metastasis, osteoclasts were a rich source of MMP-7 and MMP-9.
Interestingly, our studies using two unrelated osteolytic inducing tumor cell lines (PyMT-
Luc and 4T1-Luc) revealed that only MMP-7 appeared to contribute to mammary tumor
growth and tumor induced osteolysis in the bone microenvironment. Furthermore, our
data suggests that MMP-7 solubilization of the osteoclastogenic factor RANKL is the
principal molecular mechanism underlying these observations. Previously, we have
identified that MMP-7 processing of RANKL results in the generation of an active
soluble form that can promote osteoclast maturation and activation (14). Therefore, in
the context of the breast to bone metastases we hypothesize that in the absence of

MMP-7 solubilized RANKL, there is a resultant decrease in osteoclast maturation and
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bone resorption at the tumor-bone interface that in turn results in a decrease in bone

derived growth factors that impact tumor growth (Fig. 6).

Our results how an osteoclast derived protease, MMP-7, can promote osteoclast
activation in the tumor-bone microenvironment by generating an active soluble form of
the osteoclastogenic factor, RANKL and suggest that selective inhibition of MMP-7 may
be of benefit for the treatment of lytic metastases. Several studies support the rationale
for the development of selective MMP inhibitors for the treatment of bone metastases.
To this end, broad spectrum MMP inhibitors such as batimastat have been identified as
being effective in preventing tumor growth and tumor induced osteolysis in the bone
environment using animal models (10-12). However, conclusions from human clinical
trials with the same inhibitors identified the necessity for highly selective MMPIs that
lack the deleterious side effects of broad spectrum inhibitors prior to their application in
clinical settings (13). This requires an understanding of the precise roles of MMPs in the
context of particular diseases and in this regard, our studies suggest MMP-7 as an

attractive target for the treatment of lytic metastases.

While MMP-7 solubilization of RANKL is predicted here to be a mechanism
underlying our observations, MMP-7 may contribute via other mechanisms. For
example, MMP-7 processing of apoptotic factors such as Fas ligand in the tumor-
microenvironment may directly impact tumor survival (22). In addition, the direct
processing of the bone matrix by MMP-7 may be a possibility. Acidification and
cathepsin-K secretion into osteoclast resorption lacunae allows for the demineralization

and collagenolysis of the bone matrix respectively (6). By a process known as
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transcytosis, the osteoclast mediates the removal of bone products from the area of
bone undergoing resorption (29). Given the punctate localization of MMP-7 by
immunofluorescent staining (Fig. 1A and 3A) it is tempting to speculate that MMP-7
contributes to the further processing of bone matrix components such as osteopontin
(30), or the release of growth factors from bone matrix components such as TGF( (31)
and IGFs (32), within these transcytotic vesicles. The expression of MMP-7 from other
cellular sources may also be a possibility. In the tumor-bone microenvironment, we
observed that MMP-7 expression was largely confined to osteoclasts. However, MMP-7
has also been shown to be expressed by macrophages and given the role of
macrophages in tumor induced osteolysis, the contribution of macrophage derived

MMP-7 in our model or in humans cannot be discounted (33, 34).

Given the apparent role of MMP-7 in osteoclast function in the pathological
setting of tumor induced osteolysis, it is surprising that MMP-7 null animals appear to
have a normal skeletal phenotype. Data presented here using PHCT scan analysis
demonstrate a similar BV/TV ratio between MMP-7 null and wild type control mice at 6
weeks of age. While a role for MMP-7 in bone development has not been explored, a
number of reports have revealed that the phenotype of the MMP-7 null animals is often
apparent in response to injury/challenges or disease. For example, in non-pathological
conditions such as herniated disc resorption, macrophage derived MMP-7 is critical for
the resorption of the herniated disc and in mammary and prostate involution, MMP-7
processing of FasL is important for initiating apoptosis (22, 23, 35). More often,

phenotypes in the MMP-7 null animals have been observed in pathological conditions
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such as pancreatitis, colon tumorigenesis, mammary gland tumorigenesis and in innate
defense wherein MMP-7 null animals show significant delays in disease progression or
in response to infection (36-39). Therefore, although MMP-7 null mice lack an apparent
skeletal phenotype, in the context of tumor-bone microenvironment, it is clear based on
the results in the current study that host MMP-7 plays an important role in osteoclast
biology. In addition, our observations defining a role for MMP-7 in bone diseases are
consistent with previous reports that implicate roles for host MMP-7 in prostate cancer
induced osteolysis, osteoarthritis and cartilage/periarticular bone destruction (14, 40,

41).

Although MMP-9 was localized to human and murine osteoclasts, the ablation of
host MMP-9 did not appear to impact PyMT-Luc tumor growth and bone resorption
compared to the wild-type controls. Analogous results were obtained by Nabha et al.,
using the same intratibial model but in the context of prostate cancer progression in the
bone (21). Given the importance of MMP-9 in osteoclast migration and recruitment in
developing long bones (19), these results were surprising. It appears that in the tumor-
bone microenvironment, MMP-9 is not critical for osteoclast function. The possibility that
tumor-derived MMP-9 could overcome the absence of host MMP-9 exists in our model,
however, in vivo studies by our group have demonstrated that MMP-9 expression by the
PyMT-Luc tumor cells is not detectable (20). Therefore, the ability of tumor derived
MMP-9 to circumvent the loss of host derived MMP-9 and impact tumor progression in

the bone is unlikely. However, due to functional overlap amongst members of the MMP
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family, MMPs produced by osteoclasts and other stromal cells in the tumor

microenvironment may compensate for the absence of host MMP-9.

While our data points towards MMP-9 as not being critical for mammary tumor
growth or induced osteolysis, it is important to note that MMP-9 could contribute to other
steps of metastasis that are not taken into account with the intratibial model. These
include extravasation from the sinusoidal vasculature in the bone and initial survival, the
latter of which has been shown to be an important role for host derived MMP-9 in early
lung metastasis (42). Furthermore, MMP-9 has been implicated in tumor angiogenesis
by mediating the release of matrix sequestered vascular endothelial growth factor
(VEGF) (43). In the context of the prostate tumor-bone microenvironment, Nabha and
colleagues demonstrated a decrease in angiogenesis in MMP-9 null animals compared
to wild type controls (21). Therefore, the selective inhibition of MMP-9 may still prove

useful in preventing the establishment and angiogenesis of bone metastases.

In conclusion, this study demonstrates that osteoclast derived MMP-7, but not
MMP-9, significantly contributes to tumor induced osteolysis by impacting osteoclast
recruitment/differentiation. We suggest that MMP-7 mediated solubilization of RANKL is
a potential mechanism underlying this observation. Our data supports the rationale for
the generation of selective MMP inhibitors for the treatment of osteolytic bone
metastases and implies that the development of such reagents would expand the

therapeutic options available to patients suffering with this incurable disease.
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Figure 1. MMP-7 and MMP-9 localization in human breast to bone metastases (n=11).
A-C: Fluorescent TRACP staining (green) was used to localize osteoclasts (arrows)
while immunofluorescence was used to localize MMP-7 and MMP-9 (red). DAPI (blue)
was used as a nuclear stain. Murine or rat IgG was used as a negative control. Dashed

line represents the tumor-bone interface. Scale bars are 50um.

Figure 2. Host MMP-9 does not impact mammary tumor growth or osteolysis in the
bone microenvironment. A: Representative photomicrographs of MMP-9 (red)
localization merged with TRACP (green) localization in WT and MMP-97 animals. DAPI
(blue) was used as a nuclear stain. Arrows indicate osteoclasts while dashed line
represents the tumorbone interface. Scale bars are 50um. B: PyMT-Luc cells were
injected intratibially into syngeneic FVB wild type (WT; n=6) or MMP-9 null (MMP-97;
n=11). The contralateral limb received a sham injection of saline. Luminescence was
measured over a nine day period. Quantitation of tumor growth in WT and MMP-97
animals. C: Representative uCT scans of trabecular bone from tumor bearing and sham
injected limbs of WT and MMP-97 animals. pCT was also used to calculate the ratio of
trabecular bone volume to tissue volume (BV/TV) for tumor injected and sham injected
wild type and MMP-97" mice. Data are mean + SD. Asterisk denotes that p<0.05 while

n.s. indicates a non-significant p value.

Figure 3. Host MMP-7 contributes to mammary tumor growth in the bone
microenvironment. A: Representative  photomicrographs of MMP-7 (red)
immunofluorescent localization merged with TRAcP (green) localization in WT and

MMP-7" animals. DAPI (blue) was used as nuclear stain. Arrows indicate osteoclasts
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while dashed line represents the tumor-bone interface. B: PyMT-Luc cells were injected
intratibially into RAG-2 null (WT; n=5) or MMP-7 null (MMP-7"; n=10). The contralateral
limb received a sham injection of saline. Luciferase activity was measured over a nine
day period and used as a measure of tumor growth. C-D: Proliferative or apoptotic cells
(arrows) in representative sections of WT and MMP-7" injected tibias were identified by
immunostaining of phospho Histone H3 (pHistone H3) or cleaved caspase-3
respectively. The number of positively stained cells per total number of cells was
calculated. Scale bars represent 50um in all photomicrographs. Data are mean = SD.

Asterisk denotes that p<0.05 while n.s. indicates a non-significant p value.

Figure 4. Tumor mediated osteolysis is attenuated in the absence of host derived MMP-
7. A: UCT scans of trabecular bone from tumor bearing and sham injected limbs of WT
and MMP-7" animals allowed for the calculation of the BV/TV ratio. B: Representative
H&E stained photomicrographs of tumor bearing tibias from WT and MMP-7"" animals.
Arrows indicate trabecular bone. Scale bars are 100 um. The ratio of trabecular bone
volume (BV) to tissue volume (TV) was determined several non-serial sections of tumor
injected tibias obtained from WT (n=5) and MMP-7 null animals (n=7). C:
Representative radiographic images from tumor injected WT and MMP-7"" animals at
day 9. Arrow indicates lytic tumor lesions in the wild type animals. The tumor volume
(TuV) over tissue volume (TV) for tumor injected limbs of WT and MMP-7"" animals was
assessed. Data are mean + SD. Asterisk denotes that p<0.05 while n.s. indicates a non-

significant p value.
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Figure 5. MMP-7 solubilization of RANKL in the tumor-bone microenvironment. A:
ELISA analysis of soluble RANKL levels in lysates from tumor injected tibias obtained
from WT (n=8) or MMP-7"" (n=8) animals. B: Immunoprecipitation using antibodies
directed toward the N-terminus of RANKL for the detection of soluble RANKL in tumor
bearing tibias of WT and MMP-7"" animals. MM refers to the molecular weight marker
in kDa. Unglycosylated full length recombinant RANKL (arrow) was used as a positive
control. In addition, MMP-7 solubilized RANKL (arrow head) served as a further positive
control (+ve). Densitometry was performed on the level of soluble RANKL in PyMT-Luc
bearing limbs derived from wild type (n=11) and MMP-7"" null (n=12) mice. Data are
mean + SD. Asterisk denotes that p<0.05. C: TRAcCP (red) positive, multinucleated
(blue) osteoclasts (arrows) at the tumor-bone interface in WT and MMP-7"" animals.
The number of osteoclasts at the tumor-bone interface were determined in multiple non-
serial sections of tumor injected tibias obtained from WT (n=5) and MMP-7"" (n=7)
animals. Scale bars are 100um. Data are mean + SD. Asterisk denotes that p<0.05

while n.s. indicates a non-significant p value.

Figure 6. Hypothetical mechanism of osteoclast derived MMP-7 action in the mammary
tumor-bone microenvironment. A: Metastatic tumor cells through the secretion of factors
such as parathyroid hormone related peptide (PTHrP), stimulate osteoblasts to express
full length membrane bound RANKL. B: Osteoclasts express MMP-7 which can process
membrane bound RANKL to a soluble active form. C: Soluble RANKL has been shown

to be chemotactic for osteoclast precursors (25). In addition to acting as a potential
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chemotactic molecule, soluble RANKL stimulates can stimulate the maturation and
activation of osteoclast precursors. D: Activated osteoclasts in turn execute bone
resorption leading to the release of growth factors such as TGFB and IGFs that promote

tumor growth in the bone microenvironment.
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An Osteoblast-derived protease controls TGF-beta release and tumor cell survival in the

bone microenvironment.

Thiolloy, S.!, Edwards J.2, Fingleton B.!, Rifkin D.B*, Mundy G.R.2, Matrisian, L.M.}, and

Lynch, C.c.3*

!Department of Cancer Biology, 2 Vanderbilt Center for Bone Biology, *Department of
Orthopaedics and Rehabilitation, VVanderbilt University, Nashville, Tennessee and *Department

of Cell Biology, New York University School of Medicine, New York.
Abstract
Introduction

Osteoblasts are the cells responsible for the production of the bone constituents and the
deposition of growth factors such as transforming growth factor-p (TGF-B) and insulin growth
factors (IGFs) in the bone matrix. These factors are complexed in latency proteins and therefore,
the proteases that govern their release and activation are of great importance. TGF-f and IGFs
are crucial player in the vicious cycle as they induced the differentiation of osteoclast precursor
cells into multinucleated mature osteoclast (Lacey et al., 1998). By activating osteoclasts,
osteoblasts promote osteolysis and the release of growth factors in the tumor-bone
microenvironment (Kakonen and Mundy, 2003). Many studies on breast tumor growth in bone
have focused on osteoclast function and the inhibition of bone resorption. However, with the

exception of tumor stimulation of osteoclastogenic factors by the osteoblasts such as receptor

55



activator of NF-kappaB ligand (RANKL), little attention has been given to osteoblast

contributions of tumor growth in vivo.

Matrix metalloproteinases (MMPs) are a family of 23 endopeptidases that can degrade
numerous components of the extracellular matrix (ECM). More recently, MMPs have been
implicated as important mediators of cell-cell communication by virtue of their ability to process
multiple non-matrix molecules such as cytokines and growth factors to soluble forms resulting in
either enhanced or attenuated activities (Lynch and Matrisian, 2002). Both osteoclasts and
osteoblasts have been reported to express many MMP family members (Bord et al., 1998; Bord
et al., 1996; Breckon et al., 1999; Dew et al., 2000; Holmbeck et al., 1999; Kusano et al., 1998;
Parikka et al., 2005). Pre-clinical studies using broad spectrum MMPIs such as BB94 and
GM6001 demonstrated that treatment of animal bearing breast or prostate tumor with MMPIs
can reduce and prevent tumor growth and the development of bone lesions (Bonfil et al., 2006;
Lee et al., 2001; Nemeth et al., 2002; Winding et al., 2002). It is generally assumed that the
mechanism of action is the inhibition of collagen degradation. However, the MMPs have
minimal activity in the acidic environment produced during osteoclast-mediated bone resorption.
We have previously demonstrated osteoclast-expressed MMP7 solubilizes RANKL, and genetic
ablation of host MMP7 results in a dramatic decrease in osteolysis and prostate tumor growth
(Lynch et al., 2005). The contribution of osteoblast-derived MMPs to the vicious cycle remains

to be examined.

In assessing MMP expression in human and murine breast-to-bone metastases, we found
that one MMP in particular, MMP-2 was localized to osteoblasts, osteocytes and other cell types

throughout the tumor/stroma compartment. MMP-2 deficient mice have a significantly slower
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growth rate compared to wild type mice (Itoh et al., 1997). More detailed studies have shown
that MMP-2 deficient mice also have abnormal cranio-facial defects mirroring those of the
nodulis, arthropathy and osteolysis (NAQO) syndrome in humans having a mutation in mmp2 gene
(Inoue et al., 2006; Mosig et al., 2007). Thus far, the contribution of MMP-2 in the pathological
context of the metastatic tumor-bone microenvironment has not been examined. Given the
importance of the osteoblasts in driving the vicious cycle, the current study focused on

determining if and how host-derived MMP-2 impacted tumor induced osteolysis.

Results

Expression of MMP-2 in human and mouse samples of breast to bone metastasis

Microarray analysis revealed the high expression of several MMPs (MMP-2, -3, -7, -9 and -13)
at the tumor-bone interface in a murine model of tumor growth in the bone (Lynch et al., 2005)
In human samples of breast to bone metastasis and tumor bearing limbs of wild type animals,
expression of these 5 MMPs were assessed. MMP-7 and MMP-9 were primarily localized in
TRACP positive multinucleated osteoclasts present at the tumor-bone interface (Thiolloy et al.,
2009). In contrast, MMP-2 expression appeared more diffuse throughout the tumor/stroma
compartment (Figure 1A-2B and data not shown). Osteoblasts and osteocytes were consistently
positive for MMP-2 (Figure 1A and 1B). Interestingly, TRACP positive cells in the tumor-bone
microenvironment were rarely positive for MMP-2 (Figure 1A). These observations are in
agreement with recent studies reporting osteocyte and osteoblast expression of MMP-2 in normal
murine bone (Inoue et al., 2006; Mosig et al., 2007). We examined the potential impact of the

ablation of host MMP-2 in a murine model of an osteolytic tumor-bone microenvironment.

57



Host MMP-2 significantly impacts mammary tumor growth in the bone

As MMP-2 deficient mice have a transient bone phenotype, we determined the baseline of
trabecular bone volume/tissue volume (BV/TV) ratios of tibiae of 6 week old wild type and
MMP-2 deficient animals corresponding to the age of the mice at the time of introduction of
tumor cells. Trabecular bone is the first bone to be resorbed during tumor growth-induced
osteolysis, resulting in the release of factors essential for the growth of the tumor (Mastro et al,
2003). High resolution uCT did not show differences in the BV/TV ratios between the wild type

and MMP-2 deficient animals (Figure S1A).

To determine the contribution of host derived MMP-2 in mammary tumor growth in the
bone, a mammary tumor cell line derived from a transgenic mouse expressing polyoma middle T
antigen in the mammary gland, PyMT-Luc (Martin et al., 2008), was injected into the tibia of
syngeneic immunocompetent FVB wild type and MMP-2 deficient animals. Quantitation of the
bioluminescent signal from the PyMT-Luc tumor cells showed a marked decrease in tumor
growth rate in MMP-2 null mice compared to wild type controls from day 3 post-injection
onwards (Figure 2A and B). The observed result on tumor growth was confirmed using another
independent mammary tumor cell line, 17L3C-Luc cells (Martin et al., 2008) (data not shown).
To delineate whether reduced tumor growth was due to survival or slow growth rate in vivo,
tumors in the MMP-2 deficient animals were imaged for at least 25 days. The bioluminescent
signal was never comparable to the signal obtained in the wild type mice (Figure S1A). These
data suggested that host MMP-2 was important for the initial survival and establishment of tumor

cells.
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To further analyze the impact of host MMP-2 to mammary tumor growth in the bone,
tumor proliferation and apoptosis were analyzed by immunohistochemical staining for Mcm2
and cleaved caspase-3 respectively. No difference in tumor proliferation was observed between
the two groups of animals at different time points (Figure 2C and D). However, MMP-2 deficient
mice showed a significant higher level of apoptotic tumor cells as early as 3 days after intratibial
injection compared to wild type mice (Figure 2C), despite the fact that the tumor cells express
high levels of MMP2 in vitro (data not shown). The apoptotic tumor levels remained
significantly higher in the MMP-2 deficient animals compared to controls at 6 days post-
injection (Figure 2D). These data showed for the first time that host-MMP-2 impacts tumor

growth in the bone as a result of a sustained effect on enhancing tumor cell survival.

Host MMP-2 contributes to mammary tumor growth induced osteolysis

Since a decreased in tumor growth was observed, we next assessed whether there was a
concomitant decrease in osteolysis in the MMP-2 deficient tumor-bone microenvironment. High
resolution u-CT and histomorphometry analyses of the BV/TV ratio of wild type and MMP-2
deficient mice were performed at the end of the study period. Tumor bearing limbs of wild type
mice showed a significant decrease in the trabecular bone content compared to tumor injected
tibias of MMP-2 deficient animals (Figure 3A and B). In addition, X-rays analysis revealed that
MMP-2 deficient mice present a significant lower tumor burden and less bone resorption
compared to the wild type control mice (Figure 3C). As osteoclasts are the bone cells responsible
for osteolysis, the number of mature osteoclasts was assessed in both groups of animals by
counting the number of TRACP positive multinucleated osteoclasts in multiple sections of

multiple animals. A significant higher number of osteoclast per unit length of bone was
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observed in tumor injected tibia of wild type mice compared tumor bearing limbs of MMP-2
deficient animals (Figure 3D). This decrease in osteoclast number in the MMP-2 deficient mice
is in agreement with the higher content of trabecular bone and the decreased tumor growth rate
i.e. less tumor growth induces less bone resorption therefore a lower number of mature

osteoclasts.

Osteoblast-derived MMP-2 and TGF-$ mediate to mammary tumor survival in the bone

Given that MMP-2 has been shown to impact osteoblast function and that our human and mouse
tissues samples showed an osteoblast localization of MMP-2, we determined if osteoblast-
derived MMP-2 could mediate tumor growth and survival. The ability of conditioned media from
wild type and MMP-2 deficient primary osteoblast to modulate PyMT-Luc cells growth and
survival was assessed using MTT growth and soft agar colony formation assays (Figure 4A and
B). Conditioned media derived from wild type primary osteoblasts induced significant higher
metabolic activity of tumor cells and a statistical higher number of tumor colonies compared to
tumor cells incubated with conditioned media from MMP-2 deficient osteoblasts (Figure 4A).
However, no difference was observed in the average size of the colonies between the two
conditions, suggesting that the absence of MMP-2 in osteoblasts affects tumor survival but not

tumor growth which is in agreement with our in vivo data (Figure 4B).

Next we assessed how osteoblast-derived MMP-2 controlled tumor growth and survival.
MMP-2 can process numerous growth and survival factors, including TGF-p (Lynch and
Matrisian, 2002), TGF-p is a key regulator of the vicious cycle, influencing both osteoblast and

osteoclast differentiation and function (Guise and Mundy, 1998; Hauschka et al., 1986). TGF-p
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is maintained in a latent form via its complex with the latency associated peptide (LAP) and the
latent TGF-B binding protein (LTBP-1-4), and successive proteolytic cleavages induce the
release of the active growth factor (Dubois et al., 1995; Saharinen et al., 1999). LTBP-3 deficient
mice displayed a distinct cranial phenotype and develop osteopetrosis, therefore suggesting its
key role in controlling the bioavailability of TGF-B in the bone (Dabovic et al., 2002; Dabovic et
al., 2005). Furthermore, LTBP-3 has been shown to be important for osteogenic differentiation
of human mesenchymal stem cells (Koli et al., 2008). Therefore, we investigated if MMP-2 was
able to process LTBP-3. To assess the susceptibility of LTBP-3 for proteolytic processing, the
conditioned medium of COS-7 cells overexpressing the large latent complex of LTBP-3 and
LAP-TGF-B was subjected to digestion with recombinant active MMP-2. The molecular weight
of the complex was reduced from ~240 kDa to ~230-220 kDa in the presence of recombinant
active MMP-2, a processing event that has been previously reported to be the result of plasmin
cleavage (Figure 4C) (Penttinen et al., 2002). Furthermore, ELISA for active TGF-f on
conditioned media from COS-7 cells overexpressing LTBP-3-LAP-TGF-B complex revealed
significantly increased levels of active TGF-p in presence of recombinant MMP-2 (Figure D).
These data demonstrate for the first time that MMP-2 has the ability to process the latency

binding protein of TGF-B, LTBP-3, responsible for sequestering TGF-f in the bone matrix.

The ability of TGF-B to promote tumor survival and growth of the PyMT-Luc cells was
then assessed in a soft agar colony formation assay. Treatment of the tumor cells with TGF-p
significantly increased the number of colonies but not the size of the colonies compared to the
control condition (Figure 4E). We evaluated the levels of latent TGF-$ in vivo by

immunoblotting lysates of tumor bearing limbs of wild type and MMP-2 deficient mice 3 days
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post-injection for LAP-TGF-p complex. Samples of MMP-2 deficient tibias injected with tumor
showed a significant higher level of inactive LAP-TGF-p compared to the controls (Figure 4F).
To investigate if higher levels of TGF- will impact the tumor-bone microenvironment, the
status of TGF-B signaling was assessed by immunoblotting for the phospho Smad2, the main
intracellular effector of TGF-f receptor 11/TGF-p signaling pathway (de Caestecker et al., 1998).
Tissue lysates of tumor bearing tibias of MMP-2 deficient mice displayed a significant lower
ratio of phospho smad2 over total smad2 compared to wild type controls (Figure 4F and G).
Taken together, these data demonstrate that the proteolytic cleavage of LTBP-3 by osteoblast-
produced MMP-2 mediates a primary step in the activation of TGF-§ in the bone, resulting in

tumor cell survival and the vicious cycle of tumor growth and osteolysis.

Osteoblast-derived MMP-2 impacts mammary tumor survival by mediating the release of active

TGF-5.

In a bid to determine the molecular mechanism through which MMP-2 and TGF- mediate their
effect on mammary tumor growth, we first assess the possibility that TGF-f could mediate tumor
survival in conditioned media from osteoblast. Neutralizing TGF-fB antibody, 2G7, was used to
treat cell culture media harvested from wild type and MMP-2 deficient primary osteoblasts.
Blocking of TGF-B in conditioned media of wild type osteoblasts significantly reduced tumor
metabolic activity and tumor cell survival (Figure 5A-C). Furthermore, to confirm that
osteoblast-derived MMP-2 mediates tumor survival, recombinant MMP-2 was added to
conditioned media from MMP-2 deficient primary osteoblasts prior to treatment of PyMT-Luc
cells. Addition of exogenous MMP-2 to conditioned media from MMP-2 deficient osteoblasts

rescued the tumor survival phenotype (Figure 5A-C). Interestingly, the presence of recombinant
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MMP-2 was not sufficient to rescue the tumor survival phenotype when TGF-$ was neutralized
by 2G7 antibody (Figure 5A-C). This suggests that osteoblast-derived MMP-2 effect on tumor
survival requires active TGF-f. Taken together, these results demonstrate for the first time that

osteoblast-derived MMP-2 influences tumor cell survival via a TGF-B-mediated mechanism.

Discussion

Breast to bone metastasis is an incurable disease which affects more than 70 % of
patients presenting with advanced breast cancer (Coleman and Rubens, 1987). Lytic bone
lesions cause severe complications that greatly affect the quality of life of the patients (Mundy,
1997). Currently, no cure can be offered to patients suffering with bone metastasis, only
palliative treatments such as bisphosphonates, surgery, radiotherapy and chemotherapy are
available. Therefore, finding new molecular mechanisms underlying cell-cell communication in
the tumor-bone microenvironment is key for the development of better therapies. Osteoblasts are
important mediators of osteoclastogenesis and bone resorption and in assessing MMP expression
in human and murine breast-to-bone metastases, we found that MMP-2 was localized to
osteoblasts. To date, the contribution of osteoblast-derived proteases in mammary tumor growth-
induced bone resorption has been understudied. We demonstrated that osteoblast-derived MMP-
2 is required for tumor growth by enhancing tumor survival in the bone microenvironment.
MMP-2 contributes to pathological bone resorption, but without affecting osteoclast precursor
cells migration, maturation and differentiation (unpublished data). Our results show that

osteoblast-MMP-2 affects on tumor survival in the bone microenvironment are mediated via the
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processing of TGF-f latency proteins such as LTBP-3. It is of interest to note that MMTV-PyMT
mice deficient for MMP-2 do not show any difference in terms of mammary tumor incidence,
onset, growth rate and tumor volume compared to wild type control mice (Fingleton and
Matrisian, personal communication), demonstrating that the effect of host MMP-2 are specific to

the bone microenvironment.

Our study suggests that osteoblast-derived MMP-2 can modulate the release of TGF-p
via the processing of LTBP-3. TGF-p is sequestered in a latency complex comprised of LTBP-1-
4 and LAP and that these complexes must be sequentially processed in order to generate active
TGF-p (Dallas et al., 1995; Janssens et al., 2005; Maeda et al., 2001; Maeda et al., 2002; Yu and
Stamenkovic, 2000). Other members of the LTBP family such as LTBP-1 have been shown to be
substrates for MMPs, in particular MMP-2 (Dallas et al, 2002, Maeda et al, 2002, Tatti et al,
2008). In addition, a recent study using a multiplex proteomics approach, identified LTBP-4 as a
potential novel substrate for MMP-2 (Dean and Overall, 2007). However, of the four members of
the LTBP family, only LTBP-3 deficient mice are reported as having skeletal defects including
osteoarthritis and osteopetrosis (Dabovic et al., 2002; Dabovic et al., 2005). MMP-2 has also
been shown to process LAP-TGF-f leading to the release of the active form of the growth factor
(Dallas et al., 2002). Our study identifies for the first time that osteoblast-derived MMP-2 is
responsible for the cleavage of LTBP-3, and we posit that based on other studies that MMP-2
subsequently cleaves LAP-TGF-f to release active TGF-f (Yu and Stamenkovic, 2000). While
we suggest that MMP-2 is critical for TGF-§ activation, the role of other proteases that can

process TGF-B latency complexes, such as plasmin and MMP-9, may also contribute and explain
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why residual levels of active TGF- were identified in the conditioned media of MMP-2

deficient osteoblasts (Sato and Rifkin, 1989; Yu and Stamenkovic, 2000).

MMP-2-mediated activation of TGF-B is the primary mechanism responsible for tumor
survival in the bone in our model. However, MMP-2 could impact tumor survival through the
processing of other bone factors (Hauschka et al., 1986). IGFs are sequestered in a latent
complex through their interactions with IGF binding proteins (IGFBP-1 to -4) (Mohan and
Baylink, 1993) and several MMPs, including MMP-2 have been shown to process different
members of the IGFBP family resulting in the activation of IGFs (Dunn et al., 1997; Fowlkes et
al., 1994; Georgii-Hemming et al., 1996). However, we determined active IGF signaling levels
in tissue lysates of tumor bearing limbs from wild type and MMP-2 deficient mice by
immunoblotting for phospho IGF-receptor 1 (IGF-1R). No difference between MMP-2 deficient
and wild type control animals was observed in terms of the phosphorylation levels of IGF-1R
(data not shown). These data further support our conclusion that MMP-2 activation of TGF-f is a
major mechanism mediating tumor survival in the tumor-bone microenvironment. However, we

acknowledge that other reported substrates of MMP-2 may also contribute to tumor survival.

The majority of the studies examining the osteolytic vicious cycle conducted so far have
focused almost exclusively on the “forward’ communication i.e. tumor cell control of osteoblast
behavior that in turn impacts osteoclastic bone resorption. For the first time, our study
demonstrates the in vivo ‘reverse’ communication i.e. osteoblast control of tumor cells behavior
in the vicious cycle. For instance, in the ‘forward setting’, tumor-derived factors such as
parathyroid hormone-related peptide (PTHrP) have been extensively studied as its expression by

metastatic breast tumor cells induces osteoclastic bone resorption via osteoblast-dependent
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activation of osteoclast precursors (Powell et al.,, 1991; Thomas et al., 1999). In addition,
osteoclast-mediated bone resorption releases TGF-B that in turn affects PTHrP expression by
tumor cells (Kakonen et al., 2002; Yin et al., 1999). However, the ‘reverse setting’ i.e. the direct
modulation of the tumor cell behavior by osteoblasts and the molecular mechanisms therein have
thus far not been assessed. Our results are the first to demonstrate the importance of osteoblast-

derived signals in controlling tumor survival.

Besides its effects on tumor growth, TGF-f has been shown to modulate both osteoblast
and osteoclast functions (Erlebacher and Derynck, 1996; Ignotz et al., 1987; Ignotz and
Massague, 1985; Marcelli et al., 1990; Noda and Camilliere, 1989). Therefore, MMP-2-mediated
release of active TGF- may also directly affect osteoblast-osteoclast interactions. Our studies
revealed a decrease in tumor-induced osteolysis. While our observations ruled out a direct role
for MMP-2 in osteoclast maturation and activation, we speculate that osteoblast-derived MMP-2
potentially via the processing of LTBP-3 and activation of TGF-B impacts osteoclastogenesis.
TGF-p has been shown be sufficient to induce osteoclastogenesis (Karsdal et al, 2003) but also to
support and/or increase osteoclast activation (Lovibond et al., 2003; Takuma et al., 2003).
Therefore, it is possible that the release of TGF-B by osteoblast-derived MMP-2 induces an

increase in osteoclastogenesis in addition to its effects on tumor survival.

Our study demonstrates that MMP-2 secreted by osteoblasts impacts mammary tumor
growth and mammary tumor-induced osteolysis. However, we cannot rule out that MMP-2
derived from other cell types is of importance in mediating tumor survival and bone resorption.
For example, immune cells have been shown to express MMPs, including MMP-2 and recent

findings demonstrated that T cells (a rich source of MMP-2) modulate tumor-induced bone
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resorption (Fournier et al., 2006; Goetzl et al., 1996). Thus, a contribution of MMP-2 secreted by
immune cells such as T cells that are present in our syngeneic immunocompetent mice cannot be
disregarded. Inoue and coworkers reported the importance of MMP-2 in maintaining proper
osteocytic canicular network caused by a defect in osteocyte functions and increased apoptosis
(Inoue et al, 2006). Osteocytes are important in controlling bone mass through the modulation of
osteoblast/osteoclast function via the secretion of factors such as sclerostin (van Bezooijen et al.,
2004). As a consequence, we acknowledge that reduced osteolysis in a tumor setting could be
caused by osteocyte function to regulate bone remodeling is a possibility in our model but has

not been explored thus far.

In conclusion, this study demonstrates that osteoblast-derived MMP-2 significantly
impact mammary tumor growth in the bone microenvironment by enhancing initial tumor
survival. We suggest that MMP-2 contributes to mammary tumor survival by controlling the
levels of active TGF-B release via the processing of LTBP-3. Our data demonstrate that the
development of MMP-2-selective inhibitors have the potential to reduce TGF-$3 release from
bone stores and add a therapeutic agent to the palliative treatments currently offered to patients

with breast-to-bone metastasis.
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MATERIALS AND METHODS

Reagents

All experiments involving animals were conducted after review and approval by the office of
animal welfare at VVanderbilt University. De-identified human samples of frank osteolytic breast
to bone metastasis (n=11) were collected by curettage with IRB approval from Vanderbilt
University from 2005 to 2008. Wild type and MMP-2 deficient mice in the FVB/N-Tg
background were kindly provided by Dr. Lisa Coussens, Dept. of Pathology, University of
California San Francisco. Two different syngeneic FVB mammary tumor cell lines derived from
the mammary tumor virus (MMTYV) long terminal repeat-polyoma middle-T antigen (MMTV-
PyMT) model of mammary tumorigenesis were isolated in our laboratory and maintained as
previously described (Martin et al, 2006). These tumor cells lines were tagged with a luciferase
reporter gene and designated, PyMT-Luc and 17L3C-Luc. All reagents were obtained from

Sigma-Aldrich except where specified.

Intratibial injection and in vivo quantitation of tumor growth

PyMT-Luc or 17L3C-Luc tumor cells (2x10°) in a 10pl volume of sterile phosphate buffered
saline (PBS) were injected into the tibia of anesthetized immunocompetent 6 week old mice that

were wild type or deficient in MMP-2. The contralateral limb was injected with 10ul of PBS
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alone and acted as a sham injected control for changes in the bone due to the surgical procedure.
The 1VIS™ system (Caliper Life Sciences) was used to detect luminescence from the PyMT-Luc
and 17L3C-Luc tumor cells after intratibial injection. Firefly luciferin (120mg/kg in sterile PBS,
Gold Biotechnology, Inc.) was delivered retro-orbitally 1 to 2 minutes prior imaging. Mice were
imaged at 24 hours and every 3 days after surgery. Living Image™ software (Calipers Life
Sciences) was used to quantify the luminescence intensity in the tumor bearing limb over time.
For the histomorphometry, mice were sacrificed at 9 days post-surgery, a time point previously
determined to be prior to the breach of the cortical bone by the tumor and both the tumor injected
and contralateral control tibiae were harvested. For immunohistochemical staining, mice were
injected with PyMT-Luc cells were collected at described time points and both tumor bearing
and control tibias were collected. All animal studies were independently repeated at least three

times.

Histology

Fresh human breast-to-bone metastases, tumor and sham injected mouse tibiae were fixed
overnight in 10% buffered formalin and decalcified for 3 weeks in 14% EDTA at pH 7.4 at 4°C
with changes every three days. Tissues were dehydrated through ethanols and embedded in
paraffin and 5um thick sections were cut. For MMP-2 localization (Abcam, cat. No.ab37150),
tumor proliferation (anti-Mcm2 Abcam, Cat. No.ab31159) and tumor apoptosis (anti-Caspase-3,
Cell Signaling, Cat. No. 9662), the following technique was employed. Sections were rehydrated
through a series of ethanols and then rinsed in tris buffered saline (TBS; 10mM Tris at pH 7.4,
150mM NacCl) with Tween-20 (0.05%). Following washing in TBS, tissue sections were blocked

using standard blocking criteria for 1 hour at room temperature. MMP-2 (1:150 dilution), Mcm2
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(2:200 dilution) and cleaved caspase-3 (1:400 dilution) antibodies at an appropriate dilution of
were added in blocking solution to the tissue sections overnight at 4°C. The appropriate 1gG
control antibodies were used for each antibody to ensure specificity. Slides were washed
extensively in TBST prior to the addition of a species specific secondary biotinylated 1gG
antibody (Vector Laboratories) diluted 1:1,000 in blocking solution for 1 hour at room
temperature. Labeled cells were visualized using an avidin-biotin peroxidase complex
(Vectastain ABC Kit, Vector Laboratories) and 3,3’ —Diaminobenzidine tetrahydrochloride
substrate (Sigma, St. Louis, MO). Sections were counterstained with hematoxylin prior to

dehydration through ethanols and permanently mounted.

Tartrate-resistant acid phosphatase (TRAcP), a marker of mature osteoclasts, was
detected using a colorimetric kit according to the manufacturer’s instructions (Sigma-Aldrich,
Cat. No. 387A). Gross anatomy of the mouse tibiae was assessed by hematoxylin and eosin

(H&E) staining.

Micro computed tomography (UCT) and histomorphometric analyses

For gross analysis of trabecular bone volume, formalin fixed tibiae were scanned at an isotropic
voxel size of 12um using a microCT40 (SCANCO Medical). The tissue volume (TV) was
derived from generating a contour around the metaphyseal trabecular bone that excluded the
cortices. The area of measurement began at least 0.2mm below the growth plate and was
extended by 0.12mm. The bone volume (BV) included all bone tissue that had a material density
greater than 438.7 mgHA/cm®. These analyses allowed for the calculation of the BV/TV ratio.

The same threshold setting for bone tissue was used for all samples.
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For histomorphometry, three non-serial sections of tumor bearing and sham injected hind
limbs were H&E stained to assess the BV/TV ratio or with TRACP to assess osteoclast number

per mm bone at the tumor bone interface using Metamorph® software (Molecular Devices).

Immunoblotting

Tumor and sham injected tibias from wild type or MMP deficient animals were harvested
3 days post-injection and flash frozen in liquid nitrogen. Tissue homogenates were generated by
mortar and pestle and total protein was subsequently extracted using a standard protein lysis
buffer (0.1 % sodium dodecyl sulfate, 0.5 % sodium deoxycholate, 1 % triton X100, 10 mM Tris
pH 7.5, 150 mM NaCl) containing a complete protease inhibitor cocktail (Roche, Cat. No.
11836145001) and phosphatase inhibitor cocktails (Sigma Cat. No. P2850 and P5726). Protein
concentration in isolated samples was quantitated using a bicinchoninic acid (BCA) assay as per
manufacturer’s instructions (Pierce, Cat. No. 23227). Equal concentrations of total protein were
loaded on to a denaturing 8% SDS-PAGE gel. The blots were then panned with antibodies
directed to latent-associated peptide (LAP) (R&D system, cat. No., 1:1,000 dilution), phospho
Smad2 (Millipore, cat. No.AB3849, 1:1000 dilution), total Smad2 (Cell signaling, cat. N0.3102,
1:1,000 dilution) and actin (Santa Cruz, Cat. No. sc-1615, 1:1,000) in 5% BSA in 1XTBST (TBS
with 0.05% Tween 20) overnight with rocking at 4°C. For latent binding protein-3 (LTBP-3)
immunoblotting, equal amounts of protein were loaded on 6 % SDS-PAGE non-denaturing gels
respectively. Blots were then incubated with anti-LTBP-3 (anti-L3C, dilution 1:1,000, kindly
provided by Dr D. Rifkin, Dept of Cell Biology and Medicine, New York University School of
Medicine) (Chen et al, 2002) diluted in standard blocking solution (5 % milk in 1X TBS)

overnight at 4°C with rocking. The following day, blots were washed extensively with IXTBST
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prior to the addition of a secondary infra-red labeled antibody (1: 5,000 dilution in 1XTBST,
Rockland Inc.) for 1 hour at room temperature with rocking, in the dark. After washing in
1XTBST, blots were developed and bands of interest were quantitated using the Odyssey system

(LI-COR Biosciences, Lincoln, NE).

Isolation of primary osteoblasts and osteoclast precursor cells

Calvaria from wild type or MMP-2 deficient 3 to 4 day-old pups were isolated in cold sterile 1X
PBS (Phosphate buffered saline) buffer. Calvaria were then subjected to three repetitive
digestions (15 min, 30 min and 1 hour) in digestion buffer (a-MEM, GIBCO, cat. No. 12571,
0.025% trypsin, GIBCO, cat. No. 25200, 10mg/ml collagenase P, Roche, cat. No. 11213857001,
100 pg/ml penicillin/streptomycin, Invitrogen, 250 UG/ml fongizon, GIBCO, cat. No. 15290-
018 ) at 37°C with vigorous shaking every 15 min. lIsolated primary cells were then maintained
in a-MEM and 10% fetal bovine serum (Atlas Biologicals, cat. No. 0500A). Primary osteoblasts
were plated at a density of 2x10° cells/well in 6 well-plates and 24 h after seeding; cells were
cultured in serum-free a-MEM. After 24 h, conditioned media was collected, centrifuged at
1100 rpm to remove cellular debris and used for the MTT and soft agar colony formation assays

described below.

Bone marrow cells from tibias and femurs were isolated from 6 week-old wild type and
MMP-2 deficient mice by flushing the cells with 1 ml of cold 1X PBS using a 25G>® gauge
needle. Isolated cells were centrifuges at 1,000 rpm and rinse with 1 ml of 1X PBS. CD11
positive cells were then isolated using a Macs® separation columns (Miltenyi Biotech., MS

coloumns) following the manufacturer protocol and plated in a-MEM and 10% fetal bovine
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serum (Atlas Biologicals), 100 pg/ml penicillin, streptomycin (Invirogen) and 250 UG/mi

fongizon (Gibco, BRL, Long Island, NY) for the migration and differentiation assays.

MTT Assay

Quantitation of viable PyMT-Luc cells treated with conditioned media from primary osteoblast
wild-type or MMP-2 deficient mice was assessed by tetrazolium-based colorimetric assay (MTT,
Promega Corporation, cat. No. G5421). Tumor cells were plated in 96-well plates at a density of
1000 cells/well and 24 h after seeding, cells were treated with 100 pl either serum-free or
conditioned media from primary osteoblasts isolated from either wild type or MMP-2 deficient
mice. For the MMP-2 rescue experiment, wild type and MMP-2 deficient osteoblasts were
treated overnight in serum starved media with 200 ng human recombinant MMP-2 (Calbiochem,
Cat. No.ab 37150-100). For the TGF-B neutralization experiment, conditioned media from wild
type and MMP-2 deficient osteoblasts were incubated overnight at 37°C in presence of 50 pg/ml
2G7 (TGF-pB neutralizing antibody, kindly provided by Dr Mundy, Vanderbilt Center for Bone
Biology, Vanderbilt University). After 24 and 48h of treatment, 20 ul of MTS was added to each
well of cells, and the reactions were allowed to run for 3 h at 37°C. Spectrophotometric
absorbance of each sample was measured at 490 nm using a MRX revelation microplate reader

(Dynex Technologies). Experiments were performed in quadruplicate.

Soft agar colony formation assay
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PyMT-Luc cells were plated at a density of 1.5x10° cells/well in 24 well-plates in soft agar
containing a-MEM, 5% fetal bovine serum, 0.7% agarose (Fischer, cat. No. BP164). Subsequent
to plating, tumor cells were treated with 400 pul of either with 5% serum a-MEM or conditioned
media derived from either wild type or MMP-2 null primary osteoblasts supplemented with 5 %
serum. As a control, 1ng/ml TGFp was also added to the 5% serum a-MEM. All media were
changed every 3 days. After 10 days of culture, cells were stained overnight with 0.1mg/ml p-
iodonitrotatrazolium (Sigma, cat. No. 1-8377). Numbers of colonies and average diameter of the
colonies for each condition were measured on 100X photomicrographs and analyzed using Meta

morph Imaging Software (Molecular Devices). Experiments were performed in quadruplicate.

Expression and processing assays

COS-7 cells were transiently transfected with a full length LTBP-3 cDNA construct and human
TGF-p1 cDNA (kindly provided by Dr Rifkin, Dept of Cell Biology and Medicine, New York
University School of Medicine) using Superfect kit (QIAGEN). COS-7 cells were plated at a
density of 10> cells/well in a 6 well plate the day prior the transfection. Cells were then
incubated in transfection mix (30 pl of superfect reagent, 0.5 pg of each constructs and 500 pl of
DMEM and 10% fetal bovin serum) overnight. The next day, transfected COS-7 cells were
incubated for 48 hours in serum starved DMEM media. The conditioned media was then
incubated for 3 hours in presence of 300 ng of recombinant human MMP-2 (Calbiochem, Cat.
No. PF023) or for 1 hour in presence of 150 ng of plasmin (Sigma-Aldrich Cat. No. P1867) as a
positive control (Penttinen et al, 2002). Samples were then analyzed by immunoblotting for

LTBP-3 as described above.
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Statistical analyses

Statistical analyses were performed using Student’s t Test and Anova test using GraphPad Prism
Software, Inc. A value of p < 0.05 was considered significant. Data are presented as mean *

standard deviation (SD).
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Figure 2. Host-derived MMP-2 impacts mammary tumor growth in the bone microenvironment. A-B: PyMT-Luc cells were intratibially injected into FVB
wild tvpe (WT: n=10) or MMP-2 null (MMP-2-~ n=10) mice. The contralateral limb received a sham injection of saline and luciferase activity was assessed as a
measure of tumor growth in WT and MMP-2-" animals. C:Tumor proliferation and apoptosis was assessed by immunohistochemical staining for Mem2 and cleaved
caspase-3 respectively. in tumor bearing tibias of WT and MMP-2-- deficient mice. at 3 davs post-surgerv. D: At 6 davs after injection. tumor proliferation and

apoptosis was determined by immunohistochemical staining for respectively. MCM2 and cleaved caspase-3 on tumor bearing limbs of WT and MMP-2-- deficient
mice. Data are mean + SD: n.s. implies a non-significant p value (p>0.05).
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MMP-2 -~ mice (n=4) at 3 days after surgery. B: Immunoblotting for phospho and total
smad2 tumor injected limbs of wild type (n=3) and MMP-2-"mice (n=3). Data are mean +
SD. Asterisk denotes that p<0.05. Each experiment has been conducted twice on different
samples from independent /n vivo studies. Data are mean = SD. Asterisk indicates p<0.05
and n s indicates non significance.

82



A

3 serum-free

. WTCM

3 mwp-2" cm
04

B

treatment

No MVP-2 2G7 19G2b MMP-2

+lgG2b

VMP-2
+2G7

O 0%
R WTCM

= MMP-2 CM |
0.4 L

0.3
B 0.2
0.1

0.0

No
treatment

NMMP-2 267 IgG2b MMP-2

+lgG2b

rMMP-2
+2G7

Figure 5. Osteoblast-derived MMP-2 mediates tumor survival via osteoblast-derived
PyMT-Luc cells were treated with conditioned media from wild type (WT
CM)or MMP-2 null (MMP-2-/-CM)osteoblasts. Ability of the tumor cells to proliferate
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